The seismic velocity structure of Antarctica is important, both as a constraint on the tectonic history of the continent and for understanding solid Earth interactions with the ice sheet. We use Rayleigh wave array analysis methods applied to teleseismic data from recent temporary broadband seismograph deployments to image the upper mantle structure of central and West Antarctica. Phase velocity maps are determined using a two-plane wave tomography method and are inverted for shear velocity using a Monte Carlo approach to estimate three-dimensional velocity structure. Results illuminate the structural dichotomy between the East Antarctic Craton and West Antarctica, with West Antarctica showing thinner crust and slower upper mantle velocity. West Antarctica is characterized by a 70-100 km thick lithosphere, underlain by a low-velocity zone to depths of at least 200 km. The slowest anomalies are beneath Ross Island and the Marie Byrd Land dome and are interpreted as upper mantle thermal anomalies possibly due to mantle plumes. The central Transantarctic Mountains are marked by an uppermost mantle slow-velocity anomaly, suggesting that the topography is thermally supported. The presence of thin, higher-velocity lithosphere to depths of about 70 km beneath the West Antarctic Rift System limits estimates of the regionally averaged heat flow to less than 90 mW/m 2 . The Ellsworth-Whitmore block is underlain by mantle with velocities that are intermediate between those of the West Antarctic Rift System and the East Antarctic Craton. We interpret this province as Precambrian continental lithosphere that has been altered by Phanerozoic tectonic and magmatic activity.
Introduction
The upper mantle seismic structure of Antarctica provides insight into the geological and tectonic history of the continent, which is poorly understood due to very limited geological exposure as a result of the thick ice sheet. Seismic structure can also provide important constraints on factors that control interactions between the solid Earth and the ice sheet, including the estimates of lithospheric strength and mantle viscosity structure required for glacial isostatic adjustment modeling [Ivins and Sammis, 1995; van der Wal et al., 2015] and for heat flow at the base of the ice sheet [Shapiro and Ritzwoller, 2004; Pollard et al., 2005; Larour et al., 2012] .
Due to the challenges associated with deploying seismometers in the harsh climate of Antarctica, the seismic velocity structure of the continent to date has primarily been estimated through continent-scale studies based on teleseismic surface waves recorded at sparse permanent seismic stations [Roult and Rouland, 1992; Morelli, 2000, 2001; Ritzwoller et al., 2001; Morelli and Danesi, 2004] . The earliest regional tomography studies using temporary seismic networks and methods that are commonly used on other continents occurred in the TAMSEIS project [Lawrence et al., 2006a [Lawrence et al., , 2006b [Lawrence et al., , 2006c Watson et al., 2006; Pyle et al., 2010] which provided insight into the structure and tectonic setting of the Transantarctic Mountains (TAM) in the South Victoria Land and Ross Sea region. constrain crustal thicknesses [Chaput et al., 2014] and seismic anisotropy [Accardo et al., 2014] . In this paper, we utilize a comprehensive data set from these recent deployments, in conjunction with array-based phase velocity determination techniques, to obtain new surface wave models of the upper mantle beneath Antarctica. The data set used combines POLENET/ANET, AGAP/GAMSEIS, TAMSEIS, and other data from the sparse network of permanent Antarctic seismic stations to perform teleseismic Rayleigh wave phase velocity tomography using the twoÀplane wave method of Forsyth and Li [2005] . We then invert the derived phase velocity maps for a three-dimensional shear velocity structural model and discuss the implications of the velocity variations for the structure and tectonic history of Antarctica.
Tectonic Setting
The large-scale tectonic framework of Antarctic continental interior is subject to many uncertainties. With the exception of rock outcrops near the edges of the continent and in the TAMS, which define the boundary between East and West Antarctica, direct sampling of bedrock is limited due to the thick ice cover. Therefore, knowledge of the geologic structure and tectonic history is based almost solely on extrapolating observations from the limited surface geological exposures, guided by the interpretation of subglacial topography in association with aerogeophysical, seismic, gravity, and magnetic data. In this section, we briefly outline the tectonic setting and history of the study region.
The Gamburtsev Subglacial Mountains (GSM) in East Antarctica are poorly understood, in large part due to a complete absence of geological samples, and their history and tectonic origin is widely debated [van de Flierdt et al., 2008; Hansen et al., 2010; Ferraccioli et al., 2011] . Various tectonic scenarios have been presented to link geological evidence from the periphery with possible tectonic effects on the interior [Fitzsimons, 2000a [Fitzsimons, , 2000b [Fitzsimons, , 2003 Boger, 2011] . The AGAP/GAMSEIS investigation revealed highly thickened crust [Hansen et al., 2010] and fast lithosphere extending to depths of about 250 km [Heeszel et al., 2013; Lloyd et al., 2013] . These studies hypothesized that the modern GSM are of Permian age and represent a reactivation of an older structure, with the age of the continental lithosphere in the region dating to the Archean and Paleoproterozoic. A series of subglacial basins and intervening highlands lie between the GSM and the TAMS. The basins represent major subglacial topographic lows, and their large-scale, internal structure is known primarily through geophysical studies [Stern and ten Brink, 1989; ten Brink and Stern, 1992; ten Brink et al., 1993; Studinger et al., 2004; Ferraccioli et al., 2009; Pyle et al., 2010] .
The TAMS are a 2500 km long noncompressional mountain range that marks the tectonic boundary between East and West Antarctica and originated in the Neoproterozoic when another craton, possibly Laurentia, drifted away [Dalziel, 1991] . Through geologic time, the region has undergone multiple instances of orogenesis including the Nimrod (~1.7 Ga) [Goodge et al., 2001] and the Ross-Delamarian orogenies (550-450 Ma) [Fitzsimons, 2000a] . Late Mesozoic to Cenozoic uplift of the TAMS has been suggested to result from flexural uplift associated with the growth of the West Antarctic Rift System (WARS) [Stern and ten Brink, 1989; ten Brink and Stern, 1992; ten Brink et al., 1993] , crustal thickening [Studinger et al., 2004] , or a hybrid model of these two effects [Lawrence et al., 2006a] .
West Antarctica is composed of several crustal blocks that have undergone motion relative to each other and the East Antarctic craton [Dalziel and Elliot, 1982; Jankowski and Drewry, 1981] . The WARS, extending from the Ross Sea to the Ellsworth-Whitmore and Antarctic Peninsula blocks, has undergone continental rifting beginning in the Mesozoic and extending into the Cenozoic [Cooper and Davey, 1985; Davey and Brancolini, 1995; Wilson, 1995; Siddoway, 2008] . Deep topographic lows and basin-scale features mapped by aerogeophysical techniques have been interpreted as representing rift basins [Jordan et al., 2010] , and locally thinned continental crust is associated with the most prominent of these [Winberry and Anandakrishnan, 2004; Chaput et al., 2014] . Evidence from the Ross Sea Embayment indicates that multiple extension pulses are required to fit paleomagnetic constraints Cande et al., 2000; Davey et al., 2006; Wilson and Luyendyk, 2006] . This evidence indicates large-scale extension of the WARS ending at about 48 Ma, followed by possible transcurrent or transpressional motion between 48 and 17 Ma [Wilson and Luyendyk, 2009; Granot et al., 2010 Granot et al., , 2013 . A final phase of extension is inferred beginning at 17 Ma, coincident with highly localized extension and crustal thinning at the Terror Rift bordering the TAMS in the Ross Sea Embayment [Henrys et al., 2007; Fielding et al., 2008; Granot et al., 2010] . This is consistent with geodynamic modeling that Journal of Geophysical Research: Solid Earth 10.1002/2015JB012616 supports a progression from a broad region of extension during the early stages of WARS formation to a more focused form of extension near the TAMS during later stages [Huerta and Harry, 2007] .
The WARS is bounded to the southeast by the Ellsworth-Whitmore block, a fragment of the margin of the East Antarctic craton that has separated, translated, and rotated into West Antarctica [Schopf, 1969; Dalziel and Elliot, 1982; Grunow et al., 1991; Randall and Mac Niocaill, 2004] . Marie Byrd Land, defining the complementary edge of the rift system, is an uplifted region that has undergone Paleozoic through Cenozoic magmatic activity [Hole and LeMasurier, 1994; Panter et al., 1997; Corr and Vaughan, 2008; Paulson and Wilson, 2010; Lough et al., 2013] and shows somewhat thicker crust [Chaput et al., 2014] Recent work supports a plume hypothesis for uplift of Marie Byrd Land. Lines of evidence include igneous rocks with a geochemical plume affinity [Weaver et al., 1994; Panter et al., 1997] and deep seated low-velocity anomalies observed seismically [Sieminski et al., 2003; Hansen et al., 2014] . Although there is no prominent thinning of the transition zone immediately beneath the volcanism as might be expected for the thermal influence of a deep seated plume, thinning is found in adjacent regions [Emry et al., 2015] , perhaps indicating a deflected plume. An inferred~3 km of uplift since 28-30 Ma also supports a plume hypothesis for the development of the Marie Byrd Land dome [LeMasurier and Landis, 1996] .
Data and Methods

Seismic Arrays and Data Selection
Data for this study were collected from three large temporary broadband seismic deployments (TAMSEIS, AGAP/GAMSEIS, and POLENET/ANET) and by three permanent seismic stations. This station distribution enables us to image the structure from the GSM throughout most of West Antarctica (Figure 1 ). The TAMSEIS array (Lawrence et al., 2006a) was a temporary network of 42 seismic stations that collected data during the austral summers of [2001] [2002] [2003] . The deployment consisted of three components: a coastal array on the Ross Sea in the region of Ross Island; an east-west array extending from McMurdo station, across the TAMS and onto the East Antarctic Ice Sheet; and a long, crossing array that ran from Terra Nova Bay, over the TAMS, and onto the East Antarctic Ice Sheet. The AGAP/GAMSEIS network was a multinational deployment of 28 broadband seismic stations designed to study the seismic structure of the GSM as an element of the [2007] [2008] [2009] International Polar Year [Hansen et al., 2010; Heeszel et al., 2013] . The network consisted of two lines of stations that crossed near dome A, one an extension of the long TAMSEIS line and the other a north-south line. The third temporary network utilized in this study is the POLENET/ANET deployment across West Antarctica [Accardo et al., 2014; Chaput et al., 2014] We select global earthquakes shallower than 100 km based on distance from the array and the surface wave magnitude of the earthquake (Figure 2b ). For epicentral distances between 30°and 60°we examine earthquakes with M S ≥ 4.5, whereas for distances of 60°-150°we apply a larger magnitude threshold of M S ≥ 5.5. We applied a less stringent magnitude requirements for earthquakes occurring nearer the study region to allow the use of more earthquakes located along the circum-Antarctic ridge system and in the subduction zones of the Southern Hemisphere. Instrument response is removed from all data, and we visually inspect data to eliminate records with low signal-to-noise ratio or data dropouts and other artifacts. We filter high-quality data with a two-pass four-pole Butterworth filter at 25 period bands between 18 and 182 s and then apply a time window around the fundamental mode Rayleigh waves.
Phase Velocity Inversion
We determine the Rayleigh wave phase velocity as a function of period and position using the two-plane wave method [Forsyth and Li, 2005] . This method utilizes both phase and amplitude information to model the incoming surface wave as the interference of two plane waves. The method improves on traditional (Figure 2b ). Events show a good azimuthal distribution relative to the study area. The blue rectangle denotes the imaged region and corresponds to yellow outline in Figure 2a .
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two-station surface wave tomography methods by better accommodating effects due to wavefield scattering, multipathing, and off-great circle path effects [Li et al., 2003; Forsyth and Li, 2005] . We further utilize modifications to the method that reduce the effect of off-great circle path energy by including 2-D sensitivity kernels in the inversion [Yang and Forsyth, 2006] that are based on the Born approximation [Zhou et al., 2004] . The processing and inversion methods used here are very similar to those applied in a smaller-scale study around the Gamburtsev Subglacial Mountains [Heeszel et al., 2013] .
The two-plane wave method may encounter problems with continent-scale arrays, in that the imaging region is too large for the wavefronts to be adequately approximated as plane waves. To preserve the usefulness of the plane wave assumption, we adopt an approach in which we divide the large seismic array into multiple smaller subarrays (Table S1 in the supporting information) and process a single earthquake observed across the entire array as a separate event within each subarray following the method of . This allows us to preserve the plane wave assumption locally and to jointly invert all of the data simultaneously to produce a single phase velocity model ]. An alternative to this approach is to invert for each subarray separately and average regions of overlap . However, this approach adds computational complexity and could create subarray boundary artifacts.
In the first stage of the inversion process, we solve for the average phase velocity as a function of period across the East Antarctic and West Antarctic subregions ( Figure 2a ). This division is necessary because the crust and upper mantle velocity structure in the two regions differ greatly [Danesi and Morelli, 2001; Ritzwoller et al., 2001; Lawrence et al., 2006a; Block et al., 2009] , and it is necessary to have a reasonable starting model in each region for the inversion to converge (Figure 3 ). In the second stage, we perform a tomographic inversion for the 2-D phase velocity variations across the study region, using a parameterization of 1120 nodes with the primary region of the inversion having a node spacing of 110 km. Two rows of nodes around the edges have a spacing of 220 km to more coarsely parameterize seismic structure outside of the primary study region (Figure 2a ).
The inversion method solves for the 2-D phase velocities as spatially sampled at the location of the nodes. To produce a continuous phase velocity model, we perform Gaussian weighted spatial interpolation of the results [Forsyth and Li, 2005] . After making a number of tests, we chose a smoothing length of 240 km. Uncertainties in the derived phase velocity maps are quantified by plotting the standard errors calculated from the a posteriori model covariance matrix [Forsyth and Li, 2005] .
Shear Velocity Inversion 3.3.1. Linear Inversion
We invert the phase velocity maps for a depth-dependent shear velocity structure using the approach described in Heeszel et al. [2013] . We first extract the phase velocity dispersion curve at each node and perform a linear inversion to determine the least squares best fit shear velocity [Herrmann and Ammon, 2002] [Dziewonski and Anderson, 1981] . East Antarctica is characterized by a much thicker crust and much faster mantle compared to PREM, which is dominated by oceanic structure. In contrast, West Antarctica shows a dispersion curve and velocity structure much more similar to PREM. Note that the PREM model is referenced to 200 s period, whereas the models in this study are not referenced to a particular period due to the lack of a reliable attenuation model.
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and then conduct a Monte Carlo resampling around the linear solution to find the best model (section 3.3.2). The ice layer thickness is fixed using Bedmap2 [Fretwell et al., 2013] .
Crustal thicknesses for the linear inversion are taken from a crustal thickness map of Antarctica determined from the inversion of short period Rayleigh wave phase and group velocities derived from noise correlation data [Sun et al., 2013] . Crustal thicknesses from receiver functions alone are subject to errors caused by the use of inappropriate crustal velocity models [e.g., Schulte-Pelkum and Ben-Zion, 2012], so the use of noise correlation data results in more robust estimates. The Sun et al. [2013] model used crustal thickness estimates from receiver functions to define a smoothed map of crustal thickness as a starting model [Winberry and Anandakrishnan, 2004; Reading, 2006; Lawrence et al., 2006a; Hansen et al., 2009 Hansen et al., , 2010 Finotello et al., 2011; Chaput et al., 2014] . A higher-resolution crustal thickness map was then constructed from a linearized inversion of phase and group velocities, with the Moho velocity defined by comparing the shear velocity structure with the receiver function constraints. Finally, a Monte Carlo simulation was run to explore the trade-off between velocities in the lower crust/upper mantle and the total crustal thickness.
The crust in the linearized inversion is parameterized by three layers, with a thin upper crust (one eighth of the total thickness), a thicker middle crust (three eighths of the total thickness), and a lower crust (one half of the total thickness). The uppermost 100 km of the mantle is parameterized by 10 km thick layers, and the next 80 km is divided into 20 km thick layers. The remainder of the model is divided into 40 km thick layers down to a depth of 400 km. Since the P wave velocity has much less influence on the phase velocities than the shear velocity, we set the P velocity assuming V P /V S ratios of 1.73 for the crust and 1.81 for the upper mantle. We use different starting models for nodes located in East and West Antarctica (Figure 3b ). The starting model for each region is the mean model that results from a linear shear velocity inversion and Monte Carlo resampling of the average phase velocity result for each region (Figure 3b ).
Monte Carlo Inversion
Because there is a trade-off between upper mantle velocity and crustal thickness, and the crustal thickness must be assumed a priori in the linearized inversion, we perform Monte Carlo modeling of the shear velocity inversion results. The use of forward sampling techniques for exploring the model space is an increasingly common approach [e.g., Shapiro and Ritzwoller, 2002; Sambridge and Mosegaard, 2002; Shen et al., 2012] . Here we apply the method of Heeszel et al. [2013] to perform Monte Carlo modeling, which performs a random walk around the initial model to generate a number of acceptable shear velocity models that fit the phase velocity results within an acceptable level of uncertainty. We parameterize the crustal layers in the same manner as in the linear inversion and allow the velocity to vary by 5%, while fixing the velocity of the ice layer. Layer thicknesses are also fixed, with the exception of the lower crustal and the uppermost mantle layer which are allowed to vary by up to ±5 km. Shear velocities in the mantle are allowed to vary by up to 7% in the upper 200 km and 3% in the depth range of 200-280 km. We search the model space around the linear inverse solution, seeking to minimize the cost (C) in equation (1) below
In the above equations, χ 2 is the reduced chi-square misfit determined by summing the misfit between observed and predicted phase velocities (d) over the observed standard deviation (σ), and ISE is a measure of model roughness determined by comparing the velocity change between layers in the forward and inverse models [Heeszel et al., 2013] . Because individual layers of the model are not independently resolved, it is possible for models with excessive oscillations of the velocity structure to fit the data within an acceptable level of misfit, so we apply the ISE cost function to penalize models with large velocity jumps between mantle layers in order to ensure that nonphysical models (i.e., models with oscillating velocity reversals) are not included as acceptable models. The ISE metric is not applied to the crust or to the Moho discontinuity,
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where such large velocity discontinuities are expected. If a model falls within the corridor of acceptable models, we include it in our mean model and uncertainty estimates. To limit the effect of varying V P or density on the models, we fix V P /V S and density in the forward models to values in the linear inverse model.
The mean and median velocity models are determined by the Monte Carlo sampling smooth structure vertically because they represent an ensemble of all acceptable models. These vertically smooth models represent important statistical points within the model space but do not accurately represent our best estimate of the amount of variability within the Earth. They may also be biased toward the linear model, since the Monte Carlo perturbations in the sampling are centered on the linear model. To avoid these limitations in our interpretation, we utilize the best fit (lowest cost) model for constructing the preferred model. Because each node is sampled independently, we apply the same Gaussian horizontal smoothing parameters to the shear wave velocity models as we do to the phase velocity inversions to limit the introduction of poorly constrained horizontal roughness into the final shear velocity model and to ensure that features in the final model are consistent with the estimated spatial resolution of the data [Heeszel et al., 2013] .
Results
Phase velocities
The results of the 2-D phase velocity tomography show large and well-resolved variability in structure across the study region (Figure 4 ). Standard error maps ( Figure 5 ) reveal that lateral resolution across the study area is good. We clip all maps at the 0.04 km/s standard error contour at 85 s period for interpretation purposes. At longer periods for which phase velocities sample mantle depths, we observe velocities that are faster than the 1-D average model in the interior of East Antarctica. Due to the smoothing length (240 km) required in assembling this geographically extensive model, we are unable to image the East Antarctic craton with as high resolution as obtained in the Heeszel et al. [2013] study, which focused on East Antarctica using only data from the array of seismic stations surrounding the GSM. Thus, we will focus most of our discussion on West Antarctica, which has not been previously imaged with surface wave phase velocity tomography using local stations.
The phase velocity tomography shows that West Antarctica has a structure that is much different from East Antarctica. The shortest period observations (18-30 s) have significantly faster phase velocities compared to East Antarctica (Figure 4a ). This is consistent with the region's thinner crust [Winberry and Anandakrishnan, 2004; Chaput et al., 2014] due to extension during the Mesozoic and Cenozoic [Cande et al., 2000; Siddoway et al., 2004; Siddoway, 2008; Wilson and Luyendyk, 2009; Granot et al., 2010] . At longer periods (Figures 4b-4d ), phase velocities in West Antarctica are consistently slower than global averages and much slower than those in East Antarctica. Slow-velocity anomalies are concentrated beneath Marie Byrd Land, Ross Island, and in the Ross Sea region, extending inland toward the Central Transantarctic 
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Mountains. These relatively narrow phase velocity anomalies appear to broaden with increasing period (Figure 4d ). At the longest periods (>100 s) anomalous slowvelocity structure is centered beneath Marie Byrd Land.
Shear Velocities
Moho depths determined by the Monte Carlo inversion are shown in Figure 6 . In most regions Moho depths do not deviate significantly from the a priori Moho depths based on the receiver function and noise correlation results. Thus, the surface wave data are generally well fit by the previous estimates. Although crustal velocities are solved for by both the linear and the Monte Carlo inversions, the resulting velocities are generally not well constrained. Since the mean West Antarctic crustal thickness is only about 25 km, Rayleigh wave phase velocities from periods shorter than 18 s, the minimum period of teleseismic surface wave studies, would be required to develop good crustal models. In addition, the crustal layers used in the inversions were fixed to rather arbitrary thicknesses. Therefore, we do not interpret or discuss the crustal model further.
Upper mantle velocity structure (Figure 7) shows the exceptionally strong velocity contrast between East and West Antarctica throughout the entire depth of good resolution. The high-velocity continental lithosphere of the East Antarctic craton extends to depths greater than 220 km (Figure 7d ). West Antarctica is characterized by slower mantle velocities, with the exception of the region between the Ellsworth-Whitmore Mountains and Coats Land. Prominent upper mantle slow-velocity anomalies are centered on Ross Island and the Terror Rift, the Marie Byrd Land dome, and the Central TAMS, extending to at least 200 km depth (Figure 7c ). Cross-section plots show that the West Antarctic slow-velocity anomalies lie beneath a high-velocity lithosphere of variable thickness (Figure 8 ). Spatial resolution becomes limited at 220 km depth, but the slowest velocities become centered beneath the Marie Byrd Land dome.
Discussion
East Antarctic Craton
The East Antarctic craton is defined by fast seismic velocities to depths of greater than 200 km throughout the region (Figure 7d ). The velocity anomalies in this region are consistent with the bulk of East Antarctica being composed of Archean/Paleoproterozoic crustal blocks that were assembled during the Precambrian [Elliot, 1975; Dalziel, 1991; Boger et al., 2001; Fitzsimons, 2000a Fitzsimons, , 2000b Fitzsimons, , 2003 Goodge and Finn, 2010; Boger, 2011] . A cross section extending from the southward extension of the Lambert Rift System (RFS) across the Gamburtsev Subglacial Mountains (GSM) and Wilkes Subglacial Basin and terminating in the Ross Sea region (Figure 8a ) shows high mantle seismic velocities and thick crust underlying much of the craton. The region of greatest lithospheric thickness extends across the GSM and generally correlates with the thickest crust and the highest elevations. A more detailed, higher-resolution study of the surface wave structure of central East Antarctica as well as further discussion is presented in Heeszel et al. [2013] . 
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Thermal Anomalies Beneath the Transantarctic Mountains and the Western Ross Sea
A region of slow seismic velocity in the upper mantle (60-120 km depth) follows the TAMS from the Ross Island region through the central TAMS and joins another slow-velocity anomaly extending across the WARS near the Whitmore Mountains. Watson et al. [2006] and Lawrence et al. [2006a Lawrence et al. [ , 2006b Lawrence et al. [ , 2006c ] noted low velocities and high attenuation in the Ross Island region of their studies and attributed it to an upper mantle thermal anomaly. However, due to the limited extent of the array across the Ross Embayment, they were unable resolve the structure fully or comment on its lateral extent. The results in this study suggest that the anomaly occurs along the entire TAM front from the Ross Island region to the Ellsworth-Whitmore Mountains. This alignment of slow velocities follows the approximate trace of thin crustal thicknesses along the Terror Rift astride the flank of the TAMS, representing the youngest lithosphere in the Ross Sea [Wilson and Luyendyk, 2009] . Although extension along the Terror rift initiated at 17 Ma, GPS measurements and the absence of significant seismicity suggest that it is currently relatively inactive [Henrys et al., 2007; Fielding et al., 2008] . Thus, the slow-velocity anomaly in this region may represent a residual area of elevated temperatures in the upper mantle along the TAMS side of the Ross Sea remaining from the Miocene to recent extensional tectonism. This is consistent with the modeling of Huerta and Harry [2007] , who found evidence for a progression from diffuse extension early in Ross Sea history to focused extension near the TAM front and the boundary between East and West Antarctica during the most recent extensional phase.
The slow-velocity anomaly along the TAM front does not vary significantly along the strike of the mountain front at 60 km depth, but the anomaly in the Ross Island region becomes much larger at greater depths and extends to at least 200 km (Figure 7) . Resolution is reduced below 200 km, and it is difficult to determine 
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whether the anomaly extends deeper. This anomaly is in agreement with previous results showing slow seismic velocity anomalies beneath Ross Island [Sieminski et al., 2003; Watson et al., 2006; Lawrence et al., 2006a Lawrence et al., , 2006b Hansen et al., 2014] . The results here are consistent with the suggestion that active and recent volcanism in this region results from a mantle plume [e.g., Kyle et al., 1992] , since the inferred thermal anomaly in the upper 200 km is larger than in surrounding regions. However, the full depth extent of this feature is unknown, and studies of transition zone thickness do not show a thinning in this region, as would be expected for a mantle plume extending into the lower mantle [Reusch et al., 2008; Emry et al., 2015] .
The central to southern TAMS near 86°S, 160°W show larger uppermost mantle velocity anomalies extending farther into East Antarctica than elsewhere along the TAMS (Figures 4c and 7b) . Block et al. [2009] and O'Donnell and Nyblade [2014] estimated crustal thicknesses in excess of 45 km in the region based on satellite gravity lows, indicating a mass deficit in this region. However, receiver function crustal thickness estimates 
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clearly show thinner crustal thickness in this region [Chaput et al., 2014] , indicating that the mass deficit does not result from a thick crustal root. The mantle structure imaged in this study shows very slow mantle velocities extending to 140 km depth. This velocity anomaly, combined with the mass deficit observations from gravity suggest a thermal anomaly located in the upper mantle extending into East Antarctica. This region is also notable as the only location along the entire TAMS with late Cenozoic volcanism located on the East Antarctic side of the mountain range (Mount Early) [Stump et al., 1980; LeMasurier, 1990] .
There are two possible interpretations for the broad upper mantle anomaly extending into East Antarctica in the central TAMS. One possibility is that the extension was relatively concentrated in the Terror Rift area near Ross Island and at other regions along the TAM front in the Ross Sea area but becomes more diffuse and extended into East Antarctica in the central TAMS region, modifying and reheating the lithosphere in this region. Maximum K-Ar ages of volcanics in the area of Mount Early range from 15 to 19 Ma [Stump et al., 1980] or approximately the same time as extension initiated on the Terror Rift, suggesting the thermal anomaly in this area formed at the same time as the initiation of early Miocene rifting.
An alternative model suggests that the anomalous area of the central TAMS, characterized by high elevations, strong slow mantle velocity anomaly extending into East Antarctica, Cenozoic volcanism, and observed mass deficit in the gravity data, represents a region of lithospheric delamination or destruction. Removal of old, cold continental lithosphere and replacement with warmer asthenospheric material have been associated with uplift and mountain building in several regions [Zandt et al., 2004; Frassetto et al., 2011; Bezada et al., 2014] . The location of the anomaly at depths of 70-140 km is consistent with the replacement of continental lithosphere by warm asthenosphere around 17 Ma, further supporting this model.
Lithospheric Structure and Heat Flow of the West Antarctic Rift System
The WARS is characterized by a mantle lid of faster seismic velocities (V S~4 .4-4.7 km/s) extending to depths of 70-100 km, underlain by slower velocities (Vs~4.2-4.3 km/s) to depths of at least 180 km (Figures 7-8 ). In the low-velocity zone, the slowest anomalies extend across the central WARS, merging with the slow anomalies along the TAM front at the Whitmore Mountains to the south and with the large anomaly beneath the Marie Byrd Land (MBL) dome to the north. We interpret the low velocities as indicating a thermal anomaly in the upper mantle, representing thermally perturbed mantle from Mesozoic through Cenozoic extension in the WARS [Siddoway, 2008; Wilson and Luyendyk, 2009; Granot et al., 2010] .
We interpret the higher-velocity seismic lid as the seismological expression of a mantle lithosphere of variable thickness, consistent with gravity modeling near the TAM front [Huerta, 2007] . The central WARS between MBL and Ellsworth-Whitmore Mountains (EWM) shows slower lid velocities and inferred lithospheric thicknesses of about 70 km, whereas the eastern Ross Sea coastal regions show faster lid velocities and lithospheric thicknesses of up to 100 km ( Figure 8b ). The eastern Ross Sea and adjacent coast is thought to be the site of the oldest extension in the region, with ages of approximately 100-70 Ma [Wilson and Luyendyk, 2009] , so that the thicker and faster lithosphere is consistent with significant cooling of the lithosphere since the cessation of tectonic activity inferred for this area.
There has been considerable discussion about the possibility of high geothermal heat flow in West Antarctica and its probable effects on the West Antarctic Ice Sheet [Pollard et al., 2005; Vogel and Tulaczyk, 2006; Larour et al., 2012] . However, the heat flow is poorly constrained by existing measurements and modeling. High heat flow has been estimated from the WAIS ice core [Clow et al., 2012] , and a recent heat flow measurement from beneath Subglacial Lake Whillans estimated an extremely high flux of 285 ± 85 mW/m 2 [Fisher et al., 2015] .
Radar observations of subglacial water along with a hydrologic model suggest an average geothermal flux of about 115 mW/m 2 in the Thwaites Glacier catchment [Schroeder et al., 2014] . Earlier estimates of the average heat flow of West Antarctica from lower resolution seismic studies suggest heat flow of 100-125 mW/m 2 for central west Antarctica [Shapiro and Ritzwoller, 2004] , although estimates based on the depth of the Curie isotherm from satellite magnetic studies are much less [Maule et al., 2005] . The latter estimate corresponds well with the measured heat flow of 69 mW/m 2 measured from the Siple Dome drill core near the east coast of the Ross Sea [Engelhardt, 2004] , where we find thicker lithosphere. Conversely, the observed lithospheric thicknesses are incompatible with the highest heat flow measurements. It is possible that the geothermal gradient beneath the WARS is not steady state, with the lower lithosphere recently undergoing large-scale heating, for example, by asthenospheric flow from an MBL plume. However, in this case there would have been insufficient time for the high heat flow from the recent alteration of the lower lithosphere to propagate to the surface. For recent activity (within the last~10 Ma), only very shallow perturbations will be expressed as increased surface heat flow, and the presence of the lithosphere shows that such shallow thermal perturbations have not occurred over large regions. Thus, allowing for reasonable uncertainties in the various parameters, we can estimate the maximum possible geothermal heat flow averaged over large regions of the WARS to be about 90 mW/m 2 .
While the above provides an estimate of average regional heat flux, there is also a variety of evidence for locally higher geothermal heat flow beneath the WARS, including heat flow measurements [Clow et al., 2012; Fisher et al., 2015] , estimates from aerogeophysics [Schroeder et al., 2014] , and evidence of recent subglacial and active intracrustal magmatism [e.g., Blankenship et al., 1993; Behrendt et al., 1994; Lough et al., 2013] . Because of the large smoothing length of long period Rayleigh waves, this study lacks the resolution to resolve small regions of thermally perturbed lithosphere that may correspond to limited Neogene extensional activity. A recent body wave tomographic study [Lloyd et al., 2015] with higher spatial resolution but reduced depth resolution across West Antarctica inferred a geographically limited mantle thermal anomaly associated with the Bentley Trench and associated crustal thinning [Chaput et al., 2014] just north of the EWM and suggested it corresponded to a limited Neogene extension event coincident with the Terror Rift in the Ross Sea region [Henrys et al., 2007; Fielding et al., 2008; Granot et al., 2010] . Thus, isolated measurements of high heat flow may indicate localized areas of recent tectonic activity. Higher-resolution seismic models mapping the upper mantle structure of West Antarctica will be required to provide better constraints on mantle thermal structure and the regional variation of heat flow on smaller spatial scale lengths.
The Ellsworth-Whitmore Mountains: A Distinct Province of Altered Precambrian Lithosphere
The Ellsworth-Whitmore Mountains (EWM) crustal block of West Antarctica is a region of Gondwana Precambrian cratonic margin crust that has been incorporated into West Antarctica [Dalziel and Elliot, 1982; Grunow et al., 1987; Randall and Mac Niocaill, 2004] . Rayleigh wave phase velocities in the region are well fit by crustal thicknesses greater than that of the WARS (Figure 6 ), consistent with crustal thicknesses of 30-37 km obtained from receiver functions [Chaput et al., 2014] , but much less than the 40-55 km thick crust found in the East Antarctic Craton [Hansen et al., 2009 [Hansen et al., , 2010 An et al., 2015] . The results shown here indicate that the uppermost mantle structure of the region is also distinct from both the WARS and East Antarctica. The low asthenospheric velocities of the WARS are bounded by the EWM, and velocities at 100 km depth are about 4.4 km/s as compared to 4.25 km/s for the WARS and 4.6 km/s for East Antarctica (Figures 7b and 8c) . Better spatial resolution of this region is provided by shear wave body wave tomography [Lloyd et al., 2015] , which shows a velocity transition along the POLENET/ANET line of seismographs occurs about 150 km north of the crest of the Whitmore Mountains, with mantle velocities at depths of 100-200 km beneath the Whitmore Mountains being about 4% higher than beneath the WARS, consistent with this study.
Our results are consistent with the interpretation of the EWM as a Precambrian terrain originally located between the East Antarctic and African cratons, as indicated by inferred Grenvillian age crustal basement [Curtis et al., 1999] . The lithosphere was then significantly altered before or during Gondwana breakup when it was translated as a rotated into its current tectonic position [Randall and Mac Niocaill, 2004] . The intermediate upper mantle velocities found in this study are consistent with a continental lithosphere block that has been significantly thinned or thermally altered during those tectonic events. However, the lithosphere is significantly thicker and cooler than lithosphere throughout most of the WARS, which has been thermally rejuvinated by much more recent Cretaceous through Neogene extension. It is also possible that although Grenvillian age rocks are exposed to the north of the Ellsworth Mountains, the basement between the Ellsworth and Whitmore Mountains may be early Paleozoic Ross orogen magmatic arc rocks, with inherently thinner and less distinctive lithospheric velocity and thickness. [Panter et al., 1997] and recently detected intracrustal magmatic activity [Lough et al., 2013] . We interpret the strong slow-velocity anomalies as indicating a major upper mantle thermal anomaly. This thermal anomaly supports the topographic elevation of the dome, as is indicated by isostatic calculations that show the observed crustal thicknesses of around 30 km, while several kilometers thicker than the central WARS are insufficient to isostatically support the topography [Chaput et al., 2014] , thus requiring support from low-density mantle.
Some previous studies have attributed the topography and volcanism of MBL to a mantle plume [LeMasurier and Landis, 1996] , and Sr, Nd, and Pb isotopic analyses of lava compositions show a plume affinity [Panter et al., 1997] . The thermal anomaly imaged in this study extends deeper below MBL than in the WARS or elsewhere in Antarctica, but resolution in our model is reduced at depths greater than 200 km, so it is difficult to determine how deep the thermal anomaly extends. Regional body wave tomography suggests the anomaly depths extend to at least 200-300 km [Lloyd et al., 2015] , but resolution is also reduced in those models due to the limited number of seismographs. Larger-scale P wave tomographic imaging suggests that the lowvelocity anomaly has a complicated geometry and does not extend into the transition zone immediately beneath MBL [Hansen et al., 2014] . This is consistent with transition zone thickness measurements, which do not show the thinning expected for elevated transition zone temperatures directly below this region but rather show thinning in adjacent coastal regions [Emry et al., 2015] . Possible mantle plumes may be difficult to image in the transition zone and the midmantle due to the fact that a plume conduit could be a much narrower and more subtle feature compared to classical asthenospheric plume models, where the plume encounters the bottom of the lithosphere and spreads laterally, and where remnants of the plume head may persist for millions of years [Griffiths and Campbell, 1990; Ribe et al., 2007] . Areas where subcontinental plume structures have been relatively well imaged (e.g., Yellowstone [Schmandt et al., 2012] being one of the best examples) indicate that complex structure and heterogeneous deflection of mantle transition zone discontinuities can occur.
Summary and Conclusions
We determine phase velocities from teleseismic Rayleigh waves and invert them to create a three-dimensional model of the Antarctic continent extending from the Gamburtsev Subglacial Mountains in East Antarctica to Marie Byrd Land and the Ellsworth-Whitmore Mountains crustal block in West Antarctica. East Antarctica is defined by a thick crust and fast lithospheric root extending to depths of~250 km. In contrast, we find thin crust and slow mantle velocities consistent with regions of Mesozoic and Cenozoic extension and tectonism underlie most of West Antarctica. Slow upper mantle velocities at depths of 60-120 km depth follow the boundary of the Ross Sea and TAMS along the trace of the Terror Rift. A more regionally extensive slow upper mantle anomaly underlies Ross Island and Mount Erebus and may represent a mantle plume structure, although the depth extent below approximately 200 km is poorly constrained. A larger, shallower, anomaly is also found beneath the Central Transantarctic Mountains that extends some distance into East Antarctica, probably resulting from mid-Cenozoic lithospheric delamination.
The West Antarctic Rift System is underlain by a lithosphere with thickness varying from about 70 km to 100 km, with the thickest lithosphere found beneath the Eastern Ross Sea. This conductive lithosphere demonstrates that greatly elevated geothermal heat flow (greater than~90 mW/m 2 ) cannot be widespread across West Antarctica. The Ellsworth-Whitmore Mountains represent a Precambrian lithospheric block that has undergone thermal lithospheric modification. Marie Byrd Land shows slow mantle to depths of >200 km beneath the center of Marie Byrd Land that provide buoyant support for the high topography and may represent the uppermost extent of a complex plume structure imaged to greater depths in recent body wave tomography studies.
